Abstract
Introduction
The problem of mosaicing a image from a sequence has received considerable attention in recent literature. It involves taking multiple images of a scene with varying imaging parameters (e.g., focus settings, viewpoints), and combining them into a single image. The combined image better captures the scene in some a priori desired ways, e.g., it may be a panoramic view of the scene showing the entire visual field covered piecemeal by the original images [8, 10, 121, or it may have better image quality such as large depth of field [4, 9] , or it may have both of the above [5] . The combining process is often referred to as mosaicing. Image mosaicing involves selecting different regions from the sequence of images and pasting them together in one image. The regions are selected on the basis of special properties they posses. The two issues involved in this process are the correct selection and seamless pasting of the regions. In this paper, we will investigate these two issues for the case of mosaicing images to obtain large depth of field.
Images with large depth of field can be composed from a sequence of images taken at different focal settings [4, 5, 9] . The imaged scene consists of multiple regions and each region gets imaged at varying degrees of defocus. In the currently reported mosaicing techniques, for every scene point a focus measure is computed across the image sequence and it is then extracted from that image for which the focus measure is maximum. These extracted regions are then composed into a single mosaic. The resulting mosaic has large depth of field, but it has intensity discontinuities which appears as seams. A number of definitions for focus measure have been proposed in literature [l, 3 , 6 , 7 , 111, all of which measure the high frequency content in a window around that point. This paper investigates, why seams can appear in mosaics generated by the above mentioned techniques and also proposes a joint solution for suppressing the seams, while preserving the large depth of field property.
The issues of seamless pasting and region selection are related. In many instances there are multiple images from which a region can be chosen without compromising the resulting depth of field. In particular, for uniform areas, which are away from textured regions, defocusing does not change their intensity distribution. Thus ideally any image can be chosen for extracting such regions. However, in practice due to lighting changes, vignetting etc., corresponding regions in the image sequence may not have exactly the same intensity. We define a 2-D array containing the sequence numbers of the image (or image numbers) used to extract the regions which are pasted in the mosaic. If the acquired images are sequenced in order of the focal settings then in regions of smooth depth variation, the image numbers must also vary smoothly. We have shown in this paper, that if the image-selection criteria is solely based on the highest focus measure, the smoothness property is not satisfied. Specifically, we have shown that for uniform regions focus mea-sure is highest in a image where nearby textured regions are defocussed. This behavior results from the finite size of the window function used to compute the focus measure. Consider a point A in a uniform region that is at least a units away from the nearest edge. If a rectangular window of size 2a is used to compute the focus measure, then its value will be very small if the nearest edge is in focus. But, as the nearest edge gets more defocussed, an intensity gradient start to appear near the edge, which then contributes to the focus measure computed at A. Thus, for scene points such as A, an image selection criterion based on the highest focus measure would choose an image in which that point is defocussed. Consequently, there will be a large disparity among the image numbers chosen for uniform regions and the nearby textured regions, which results in seams in the final mosaic. To avoid seams, we propose to isolate uniform regions from the textured regions and create the mosaic in two steps. In the first step, the focussed image selection based on the highest focus measure and pasting into a mosaic is performed only for the identified textured regions. In the second step, the points belonging to uniform regions are assigned image numbers that smoothly propagate the image numbers assigned to nearest textured regions. Since the textured regions are chosen from images with largest focus measure and uniform regions from images to ensure similarity with nearby textured regions, the final mosaic simultaneously has large depth of field and no visual seams.
We note that the focus analysis presented in this paper does not strictly apply to regions close to occluding edges, as the Gaussian blurring model is no longer valid [2] . The focus measure window near occluding edges, might span objects at multiple depths. The objects in such a window have different blur parameters and these parameters change independently as focal settings are changed. Consequently the focus measure for occluding edges are expected to behave differently from pattern edges. A more careful analysis, which incorporates the blurring model near occluding edges is a topic for further research.
In Section 2, we analyze the behavior of a representative focus criterion in textured, uniform regions and regions on the boundary of textured and uniform regions, across a sequence of images with varying degrees of defocus. The behavior of the focus measure is then used to derive conditions for isolating uniform regions from textured regions. For mathematical tractability, we have selected our focus measure to be a sum over a window of size 2a of the derivative of the image and have assumed a Gaussian blurring model to represent defocus. This measure is related to the Tenengrad's focus measure [6] . In Section 3, we present experimental results to substantiate our claims.
Behavior of a focus criterion across image sequence
Consider a 2-D imaging geometry and a object placed perpendicular to the optical axis, with intensity distribution
Assuming Gaussian blurring model, the resulting image go (x) is given by
where a is the blur parameter determined by the distances of the object and the sensor from the lens; h(x;a) is the Gaussian kernel with parameter 0 given by This function is plotted as a function of 0, for different values of z, in Fig. 1 . We refer to such a plot as the spatiotemporal plot for focus measure [I] , where temporal refers to the variation in a across the image sequence. The figure shows that for x < a, fm(x, a ) is unimodal and attains its maximum at 0 = 0, while for x > a, the plot has two maxima and one minimium and the minimum is attained at a = 0. This behavior implies that for all points close to the edge such that 1x1 < a, the computed focus measure would be the largest for the case when the image is best focussed, however for points 1x1 > a, the computed focus measure would be largest when the image is defocussed ! This suggests that the output of the focus criterion is correct only in regions close to edges and for regions away from edges the focus criterion would actually point to a defocussed image. Since the corresponding regions in images with large differences in imaging parameters can be quite different, choosing the defocussed image for a region 1x1 > a would generate a seam in.the final mosaic. Thus, in order to prevent seams, the uniform regions for which the focus criterion chooses an incorrect image, need to be isolated, so that the correct image numbers can be chosen using the method proposed in Section 1. The selective treatment given to uniform and textured regions ensures that the resulting image has large depth of field while simultaneously being seamless.
It may seem that uniform regions can be easily identified by evaluating a local derivative measure around every point in the scene. This would indeed be the case if we have a focussed image of the scene, however, we have a sequence of images of the scene at different focal settings. In fact, each of the images have spatially varying blur, thus, using this simple derivative measure would in general yield significant misclassification. For example, some textured regions may yield a low derivative measure in a image where it is defocussed, on the other hand, uniform regions close to edge boundary will have a large local derivative, when the image is blurred as shown in Fig. 1 . We propose a classification scheme based on the spatio-temporal behavior of the focus measure for uniform and textured regions. A number of criteria can be derived from the spatio-temporal plot in Fig. 1 to determine uniform regions. The spatio-temporal plot for uniform regions has 3 variations (2 maxima, 1 minima) while regions close to the edge have only one variation. Experimentally, for real images it has been found that in general for uniform regions the spatio-temporal plot is quite erratic due to camera noise, while for textured regions there are usually few (typically 1-2) dominant variations. In addition, for uniform regions, the focus measure is usually small for most images in the sequence. The uniform regions can then identified to be all those points whose focus measure is erratic with D and is small for most values of o.
Experimental Results and Conclusions
In this section, we compare the performance of the proposed and the conventional algorithm for constructing large depth of field mosaics. In a conventional scheme, a focus measure is computed for every scene point across the image sequence and that point is picked from the image where the focus measure is the highest. We have used the Tenengrad focus measure for our experiments, with window size of 20 pixels. For the first experiment, the scene consists of single planar surface. A sequence of images at different focus settings are obtained and they are mosaiced using the conventional scheme ( Fig. 2(a) ) and the proposed scheme ( Fig. 2(b) ). The seams in the mosaic obtained using the conventional scheme are quite evident. It is interesting to note that the visual artifacts (blotches) surround the edges like a halo. This is quite consistent with what we had earlier concluded from the spatio-temporal plot of the focus measure. We had shown that regions within the 20-pixel wide averaging window around edges are selected from the correct frame, however, uniform regions beyond that window are selected from defocussed frames, where the intensity of those uniform regions might be quite different due to lighting variations. In a second experiment, we placed three objects at different distances from the camera. The background grid of lines, the newspaper-wrapped cylinder and the pattemed grid are at distances 3.5', 2.5' and 1.5', respectively, from the camera. The corresponding mosaics are shown in Fig. 3 . The mosaics obtained by using either the conventional or the proposed scheme are equally focussed, but the one generated using the proposed algorithm has no visual artifacts. We also note that the conventional scheme did not create the undesirable blotches in the newspaper and the pattemed grid region. This was also expected, since all the uniform areas within these regions are within the averaging window of the textured areas. However, for the background grid of lines, this is not the case and consequently the blotches are present. 
